The European Union Marine Strategy Framework Directive (MSFD) includes four descriptors of Good Environmental Status (GES) which are affected by fishing activity. These descriptors are: biodiversity, fish stocks, foodweb, and seabed integrity. This paper shows how these descriptors can be related to variables within an ecological model and how an ecological model can be used to analyse whether the fishing pressure that is estimated based on bioeconomic criteria is within general sustainable limits. The paper presents an example of such an analysis of the Eastern Baltic cod fishery using two models: a bioeconomic model and an ecological model. The models are calibrated based on historic data. The mapping between the descriptors specified by MSFD and variables available for analysis in the models is incomplete, e.g. genetics and spatial structures are not included in the models. The models can be used strategically, providing a qualitative understanding of the anticipated relative changes.
Introduction
Countries bordering the Northeast Atlantic Ocean have signed up to an ecosystem-based approach to the management of marine fisheries, under the Reykjavik declaration (FAO, 2003) . Meeting this commitment requires a fishery assessment approach that considers both the yield from fisheries and the impacts fisheries make on the marine ecosystem. This is an extension to standard advice on fishery management which is based on forecasting yield and impact on stocks as a result of fishery pressure (Haddon, 2011) , and in the main such advice does not consider the impact of fisheries on the marine ecosystem beyond the target species. Attempts to advise based on an ecosystem approach are often addressed through ecosystem modelling. A full ecosystem model may not be necessary, e.g. for the US Northwest Atlantic continental shelf ecosystem, Link et al. (2002) suggest that it is possible to assess ecosystem status and direction of status development from a number of common ecosystem metric reference indicators, and they conclude that information on reference direction may be sufficient for management at the ecosystem level. Garcia and Cochrane (2005) review the implementation guidelines for an ecosystem approach.
Typical ecological models dealing with fishery impact focus on species interactions, but there are several levels at which one can look at fisheries within an ecosystem, and Plaganyi (2007) gives a good overview of the various models. Ecological models have limitations that have been critically reviewed in Walters (2004, 2011) , Christensen et al. (2005) , , , Plaganyi and Butterworth (2004) , Plaganyi (2007) , and Fulton (2010) .
Examples of modelling specific ecosystems with a focus on fisheries include Livingston and Jurado-Molina (2000; eastern Bering Sea) , Bogstad et al. (1997; Barents Sea) , Andersen and Ursin (1977) , Vinther (2001; North Sea, Baltic Sea) , Möllmann (2010), and Tomzcak et al. (2012; Baltic Sea) . Korpinen et al. (2012) present a holistic analysis of the human impact on the Baltic ecosystem. However, none of the presently available ecosystem models is fully operational for use in a fishery management advisory context. Nor do any of these models consider the economic side of fisheries.
There are other approaches to integrate fisheries and ecosystem assessments beyond the holistic model approach, e.g. Collie et al. (2003) suggest using the AMOEBA system.
Fisheries are economic activities, suggesting that the fishery system is better described by bioeconomic models than by models that do not include the economic cycle. Bioeconomic models mostly include a biological fishery model together with an account of the economic cycle; see Prellezo et al. (2012) .
Thus, the requirement is for advice that both takes into account the economic feasibility of fisheries and, at the same time, considers the health of the ecosystem.
The European Union (EU) Marine Strategy Framework Directive (MSFD) (EU MSFD, 2008) defines the background for the scientific advice. MSFD promotes the integration of environmental consideration into all relevant policy areas and delivers the environmental pillar of the future maritime policy of the EU. The fishery pillar of this Framework is the Common Fisheries Policy (EU CFP 2002) which serves several objectives, including effective utilization of marine resources and the sharing of these resources among EU Member States. However, ecosystems affected by fisheries must meet environment status objectives defined under the MSFD, and this may impact fishery management.
This study presents an approach for analysing/integrating both the economics of the fisheries and the impact from fisheries on ecosystem components other than the target species, e.g. biodiversity and abundance of non-target species. The approach is based on two models: an ecological and a bioeconomic model. Both models are outlined below, and the findings, using data for the Eastern Baltic cod (Gadus morhua) fisheries, are presented in the Results section.
Methods
The method applied is the combination of a bioeconomic analysis with an analysis of the effects on the ecosystem that may be a result of a change in the fishing pressure. The analysis is carried out using a bioeconomic Fishrent model (Salz et al., 2011) and an ecological model formulated in the Ecopath with Ecosim (EwE) framework (Christensen et al., 2005) . Fishrent is a further development of a series of models that have been used in management contexts, or are developed with such usage in mind, and provides an estimate of the overall fishing pressure that is desirable, given the overall objective, e.g. maximum sustainable yield (MSY) or maximum economic yield (MEY), whereas the EwE model checks whether such fishing pressure leads to undesirable ecosystem effects. A detailed description of Fishrent and a comparison with other bioeconomic models are given by Prellezo et al. (2012) .
The analytical framework for estimating the desired exploitation pressure is based on a two-step process with a feedback loop. The first step is an application of the bioeconomic model which estimates the stock sizes and fishing effort (fishing mortality for the main target species), corresponding to the desired objectives of the fisheries. Secondly, the ecological model checks whether the ecosystem remains within sustainable limits [synonymous with MSFD Good Environmental Status (GES) criteria] under this fishing pressure. If the MSFD GES criteria are not satisfied, exploitation is adjusted until these criteria are met.
The MSFD GES descriptors are affected by human impacts other than fisheries, but the analysis of the impact of the fisheries is done in the present context based on the assumption that these other activities are unchanged.
The Fishrent bioeconomic model
The general structure of Fishrent is shown in Figure 1 . Fishrent is built on the Driver/Pressure/Status/Impact/Response (DPSIR) framework (EEA, 2007) . Figure 1 presents a circular model of a fishery system with focus on the economic drivers, among which the profit earned by fishers is the main driver. This profit depends on the amount of landed fish, prices for the landed fish, and the costs of fishing. Profit, furthermore, depends on the interest rate for capital invested in the fleets. Prices, costs per unit of effort, and interest rate are external to the fishery system. Profit determines the level of fishing effort, and fishing effort impacts the marine ecosystem including commercial fish stocks, marine animals, and other non-fish organisms, as well as the habitats. Management is society's response to these impacts, and management constrains activities affecting the system and, in particular, in the present context, controls fishing effort. Activities outside the fishery influence the fishery system, e.g. pollution and areas closed for military use.
Fishrent can be used in dynamic mode, in which case a delay mechanism, i.e. a change in profit level, will only affect effort at some later time. The model can also be used in equilibrium mode, and thereby the model is run through a series of loops until equilibrium is obtained with constant input.
Fishrent implements the conceptual model of Figure 1 ; however, the ecosystem is restricted to account for the population dynamics of the target species, i.e. it is a single-species model and only provisioning services (landings) are considered among the ecosystem services. The model formulation includes a standard CobbDouglas production function: Yield ¼ q × Effort a × Biomass b × Technicalprogress, where a and b are . 0. This is in contrast to the often used assumption that fishing mortality is directly proportional to effort and that yield is proportional to stock size (Eide et al., 2003) . Salz et al. (2011) provide a detailed account of Fishrent.
EwE ecological model
The EwE model is a mass-balance model that accounts for the flows of biomass and energy between trophic levels (Christensen et al., 2005; Coll et al., 2008) . The model is fitted using a timeseries of biomass estimates for species or species groups for a particular ecosystem.
The particular implementation that is used in this study is for the Eastern Baltic ecosystem (Tomczak et al. 2012) . The model is formulated at an integrated level without spatial resolution and includes 21 functional groups as variables, ranging from primary producers to top predators, and the model includes fishing but no other human impacts. The dominating Baltic fish species, cod, sprat, and herring, are split into multistanza groups that represent major ontogenetic shifts. Fisheries are represented by fishing mortalities of the main fish species (cod, herring, and sprat). This means that the split between cod trawlers and gillnetters in Fishrent is not maintained in the ecological model. Furthermore, the simulations of effort changes in cod fishery are done keeping the exploitation pressure in the herring and sprat fisheries constant.
The fishery mortality parameters in EwE are intended to describe the full impact from fisheries (e.g. includes discards), and the calculated catches therefore are not directly related to the landings. The simulations assume that there is a fixed ratio between discard and catch. The Fishrent simulations presented in the Results section account for the economics of the fisheries (landings), and this model distinguishes between landed fish and discards.
Linking MSFD criteria with ecological model parameters
The MSFD lists 11 qualitative descriptors of GES, of which four are relevant for fisheries: biological diversity, populations of commercially exploited fish and shellfish, the marine foodwebs, and seabed 472 H. Lassen et al. integrity. These general themes are detailed by EC (2010). The range, target, or limit reference levels are still (early 2012) to be defined at the EU level, and will vary between assessment regions due to underlying variation in the climatic and ecological setting. Table 1 compares the MSFD GES criteria and variables in the EwE Baltic Sea model. There are MSFD topics that are not addressed by this ecological model, e.g. the genetic diversity, and there are topics that are only dealt with rudimentarily, e.g. most biomass indicators have no age composition associated, and the abundance ratio between short-and long-lived benthic species is often used (and is also included in the MSFD GES criteria). Figure 2 illustrates the adjustment of the fishing effort until the expected ecosystem status meets MSFD GES criteria. Fishrent provides the fishing pressure at MSY/MEY as an input to the EwE simulation. EwE provides an estimate of ecosystem status under the changed fishing regime. This adjustment is done through an iterative process based on the "Compare" box in the lower part of Figure 2 . Here it is checked whether the expected ecosystem status is within CFP-MSFD (GES) criteria. If one or more of the indicators does not meet the GES criteria, the fishing effort is modified-typically reduced-until these criteria have been met, i.e. ecosystem status takes priority over the economic benefits that can be accrued.
Assuring GES of the ecosystem

Cod fishery in the Eastern Baltic Sea ecosystem
There are two cod stocks in the Baltic Sea: the Western Baltic cod and the Eastern Baltic cod (Hinrichsen et al. (2009) . The Eastern Baltic cod stock is found in subdivisions 25 -29 + 32, while the Western Baltic cod occurs in subdivisions 22 -24, see Figure 3 . The stocks are biologically distinct (Nielsen et al., 2001; Deutsch and Berth, 2006) . The productivity of the Eastern Baltic cod stock is strongly influenced by ecosystem changes, e.g. survival of cod larvae (Hinrichsen et al., 2002) , and recruitment is directly linked to inflow of Northeast Atlantic water (Diekmann and Möllmann, 2010) . The system has shown several regime shifts with consequences for the cod stock (Möllmann et al., 2009; Margonski et al., 2010; Tomczak et al., 2012) . Salz et al. (2011) identify eight fleet segments from Denmark, Sweden, Poland, and Germany as having cod as an important target species, but a complete and detailed dataset of costs and earnings is only available for Denmark. Costs and earnings information is collated according to the Data Collection Framework (EC, 2008) by JRC (AER, 2009) and Salz et al. (2011) . The data quality is, in general, not particularly good, especially for the gillnetters of 0 -12 m. Danish and Swedish costs per day at sea are higher than for Poland and Germany, but at the same time the catch rates are higher, which means that costs per tonne of fish landed are fairly equal among the countries' segments. The statistics presented by Salz et al. (2011) include a large number of the gillnetters that are inactive although entitled to fishing rights, and these vessels are removed from the data based on consideration of average fishing days per year for a full-time fisher. The economic data used in the model are shown in Appendix , and 1427 gillnetters with a maximum of 120 d at sea each year. These estimates are used as initial values applied in the simulations in Fishrent.
These fleet aggregates exploit several resources other than cod, e.g. flatfish and Nephrops, and, of the profit, less than half is generated from the Eastern Baltic cod stock. Cod appears in almost all fleet segments' catch compositions, in some cases only as a small share, i.e. as a bycatch. This means that it is difficult to estimate the real fishing effort applied to cod.
Results: bioeconomic modelling of the Eastern Baltic cod fishery
The base period for simulation initialization is 2004-2006 when the cod fishery was conducted with a fishing mortality close to 1. After 2006, the fishing mortality for the Eastern Baltic cod stock has decreased substantially, and currently (average 2007-2009 ) is around F MSY 0.3 year 21 (ICES, 2011). As mentioned above, less than half of the total profit for the fleets is generated from the Eastern Baltic cod stock. In these simulations, the catches of other species are assumed to develop in the same way as cod. This assumption implies that other species in 2004-2006 were overexploited in the same way as cod, which is not the case (ICES, 2011). Two other assumptions have been investigated: catches of other species are constant and catches of other species depend on the number of days at sea. The first assumption about constant catches is not reasonable as a reduction in effort increases the catch per unit of effort of these species. The consequence of the second assumption is that the fishery will turn out to be unprofitable at MEY for cod as the strong reduction in effort leads to significantly lower landings of other fish that, because of the catch composition, are larger than the increase in cod landings. Therefore, the profit is calculated for all species for the two fleets (trawlers and gillnetters) and the share allocated to cod is according to the value share of cod in proportion to the total value. Figure 4 shows the long-term total revenue to the fisheries as a function of the size of the catchable biomass of cod (age 2 + ) calculated using Fishrent in static mode. This revenue comes both from the target species, cod, and from the non-target species. The "Base" reflects the average fishing pressure for [2004] [2005] [2006] , while the MSY shows the result for the fishing pressure corresponding to maximum sustainable yield. Finally, the MEY is the highest possible profit; see Appendix Table A2 for details.
Using Fishrent in dynamic mode allows the simulation of development of selected indicators for a period of 25 years. Figure 5 shows the optimal adaptation path, i.e. the path that maximizes the profit in terms of net present value (NPV) over time. Figure 5 presents the simulated dynamic development of the cod stock and the cod fleets. The fishery is assumed to be managed by individual transferable quotas with no trade obstacles. The NPV for the fishery is maximized for a period of 25 years using non-linear programming. This solution represents the best Fishery management advice with ecosystem considerations possible economic management of the fish stocks. The cod stock biomass increases towards 300 000 t, corresponding to the MEY, but then gradually decreases as a result of the discount rate, which implies that the value of the stock is lower in the distant future than at present. The decline in number of vessels over time after the adjustment has taken place is caused by technical progress. Profit is gradually increasing over time although at a decreasing rate.
Matching legal requirements and model variables
The EwE model of the Eastern Baltic Sea (Tomczak et al., 2012 ) is used to check if the economic solution is consistent with MSFD GES criteria, and Table 1 shows how these variables are matched with the criteria defined in EC (2010). Table 1 presents a first attempt to link the legal and policy requirements with a science input. From Table 1 it emerges that the EwE model does not meet the MSFD requirements. Examples include that biodiversity can only be considered rudimentary, i.e. the Baltic model is limited to 21 groups; there is no age composition associated with benthic communities, i.e. bottom habitat status is often measured through the density of long-lived organisms; and no genetic issues are addressed in the ecological model. MSFD requires protection of marine habitats from fishing. The EwE model is formulated with a total fishing mortality generated by a combination of trawler and gillnet effort, and physical damage to the habitat is mainly from trawling. The relevant indicator for habitat impact is the trawler effort estimated through Fishrent and not the total fishing mortality. Marine protected areas will reduce the physical damage to the vulnerable habitats and protect biodiversity in the Baltic Sea and elsewhere (e.g. Pedersen et al., 2009 ). The EwE model is not the final answer to what is required by MSFD GES, but presents what modelling can provide at present.
Ecological status of the ecosystem under MSY fishing
Fishrent is used to estimate the fishing pressure under MSY fishing for cod, and the introduction of this level of fishing mortality in the ecological EwE model results in Figure 6 which presents the calculated long-term levels (t km Considering the four MSFD GES criteria, the study makes the following observations: † Biodiversity: it is difficult to judge biodiversity from biomass changes. However, we suggest that it is maintained with a decrease in phytoplankton and some minor decreases in several zooplankton compartments which, however, are offset by the increase in the "other meso-zooplankton" compartment. The overall conclusion on the biomass predicted from the EwE model is that the change in cod fishing mortality, calculated by Fishrent, is expected to lead to a significant increase in the cod stock and hence a significant increase in the economic performance. However, the change is not expected to lead to major changes elsewhere in the ecosystem and in particular the increase in the biomass at the top predator level does not appear to be achieved at major expense (reduced biomasses) to lower ranking trophic level species.
Discussion
The approach operates with a closed "fishery system" concept, but this system is affected by outside forces (e.g. oil prices, salary level of the labour, interest rates on capital, and prices of substituted products), shown in Figure 1 , and there could well be feedback loops not accounted for that will be critical for the system dynamics in the future. Furthermore, the system is impacted by stochastic, or even chaotic forces, which naturally place uncertainty on the results derived from deterministic analyses. Stochastic simulations can be made, but their reliability critically depends on knowledge of the sources of variability in the system, which rely on data that are scarce if they exist at all. Furthermore, the Baltic system is not stable, but there are regime shifts where general productivity in a particular compartment changes (Möllmann et al., 2009; Margonski et al., 2010; Tomczak et al., 2012) . All these considerations are system limitations that are important in using the result to advise on fishery management. The amount of data required is formidable and even for a data-rich system like the Baltic Sea there are significant data deficiencies; the most glaring is that the economic data are assigned to fleet category and flag state (and not to areas) while the resource basis modelled in the bioeconomic model is stock based (i.e. to areas).
An attempt to disentangle these two different viewpoints may be made through detailed compilation of fishing effort data by metier (Biseau, 1998; Marchal, 2008) , and some logbook data are available that could assist in this task. However, cost data are only available on a fleet basis and therefore cost differences from fishing in different areas cannot be analysed. Splitting cost data requires detailed accounting, e.g. by fishing trip. The bioeconomic model should explicitly account for seasonal geographical distribution of stock components, as well as the seasonality of fleet activities. Such detail would make the analysis overwhelming. Even so, some improvements are possible in the short term, e.g. classifying vessels by activity level would help to improve the investment/disinvestment component of Fishrent.
The quality of the ecological model and the database for this model are discussed by Tomczak et al. (2012) and ICES (2010) . The ecological model includes no particular account of fleet-specific impacts, although the EwE framework allows the inclusion of such a feature (Christensen et al., 2005) . For the present purpose, a more detailed model would be desirable, as fleets affect ecosystem components differently, e.g. bottom trawls affect the bottom habitats but have limited bycatches of marine mammals and seabirds, while gillnets have little impact on bottom habitats but have higher bycatch of marine mammals and seabirds. The ecosystem model considers 21 biomass variables, and several of these variables are groups of species. The biodiversity concerns are thus only addressed on a rather crude basis, e.g. the model accounts for three fish species out of 200, and nine zooplankton biomass indicators out of a total of 1200 (Ojaveer et al., 2010) .
The Baltic model does not include seabirds; while important in coastal parts of the ecosystem, they are top predators and have little impact on the overall marine foodweb. Some politically important animals, such as harbour porpoise, are also not important in understanding the foodweb and are not included in the model.
Both the Fishrent and the EwE models forecast that a reduction in the fishing mortality of cod will induce a major increase in the cod biomass. The fishing mortality in 2010 of Eastern Baltic cod was indeed reduced significantly from the level in -2006 . ICES (2011 assessed the present Eastern Baltic cod stock and found that spawning stock biomass has increased rapidly in recent years and is estimated to be at about three times the level of [2004] [2005] [2006] . The abundance of the 2006, 2007, and 2008 year classes (at age 2) was relatively high, suggesting that the increase is not only a result of increased survival in the younger age Fishery management advice with ecosystem considerations groups but that also an increase in production may have occurred (Eero et al., 2012) .
The CFP is based on total allowable catches and quota regulation (EU CFP, 2002) which does not ensure that the fishery system is in equilibrium at the desired level of effort and capacity. This implies that external interventions, typically government management, are required to restrict effort at the desired level, and this has proven difficult. Illegal, Unregulated and Unreported (IUU) fishing is well known globally (FAO SOFIA, 2010) and has also been a feature of the fisheries in the Baltic Sea (ICES, 2011) . Also, there is no internal impediment to bring environmental "costs" (e.g. habitat degradation, bycatches, etc.) into the fishery system; this requires external intervention.
We have not addressed the cultural services from fisheries. These are most relevant in relation to distributional aspects and in general will lead to subsidising fisheries that are economically suboptimal. For example, in the case of Baltic cod, the economic rationale suggests that a significant decrease in the small-scale fishery would be beneficial. Assigning a value to maintaining this small-scale fishery is equivalent to a change in the cost structure for this fishery (subsidies or other preferential treatments) in order to keep this sector alive.
The models can be used strategically, providing a qualitative understanding of the anticipated relative changes, although the models are gross simplifications of the systems and their capability as predictors is uncertain, and interpretation of the simulation results, therefore, should be carried out with caution. The models are calibrated on historic performance of the systems, but it is unknown whether processes not modelled will dominate the future.
Fisheries are only one human activity, for which we in this paper have presented an approach to scientific advice taking into account both environmental and economic concerns. There is a general need for a pragmatic approach for integration of all MSFD GES themes if we are to increase the likelihood of GES being achieved in Europe's regional seas (Bren et al., 2012) .
